History of Cancer Stem Cells in Oncology {#Sec1}
========================================

The concept in oncology that the development and growth of cancer occurs through cancer stem cells (CSCs) has been popularized over the past decade. The evidence for the CSC concept has been evolving since pathologists began examining cancer cells under the microscope more than 150 years ago \[[@CR1], [@CR2]\]. In the latter half of the twentieth century, evidence from functional studies for CSCs began to emerge from experiments involving colony formation from cancer cells in vitro and in vivo \[[@CR3]--[@CR9]\]. There is now substantial evidence that CSCs play a role in the development and growth of most human malignancies \[[@CR10]\]. Therefore, it is important for oncologists to understand the biology of CSCs, how CSCs contribute to cancer progression, and how they may be targeted using new, potentially more-effective therapies being developed.

To understand CSCs, it is important to realize that many normal stem cells can be found in the body throughout a lifetime. The concept of a stem cell was first articulated in 1877 by Ernst Haeckel to explain the idea that the fertilized egg is the cell that gives rise to all the other cells in the body \[[@CR11]\]. The concept of stem cells was then rapidly incorporated as a way to explain the existence of other cell types in the embryo and adult organism. Stem cells have been recognized as clonogenic cells in radiation oncology for many years \[[@CR12], [@CR13]\]. Although CSCs and normal stem cells share many of the same properties, CSCs are unique in that they can initiate and maintain cancer \[[@CR10], [@CR14]--[@CR16]\].

Definitions of Stem Cell and Stemness {#Sec2}
=====================================

A stem cell is defined primarily by its function, but a number of markers have been found that can be used to enrich cell isolates for stem cells in functional assays that compare stem cells with their progeny. Recent evidence indicates that CSCs can arise from normal stem cells or from progenitor cells. There are two main types of normal stem cells \[[@CR16]--[@CR18]\]: embryonic stem cells and somatic stem cells (also called adult stem cells) \[[@CR19]\]. Embryonic stem cells are derived from the early divisions of the fertilized egg and give rise to all cells during human development \[[@CR17]\]. Somatic stem cells are usually present in developed tissues and organs. The primary function of somatic stem cells is to maintain and repair tissues and organs \[[@CR19]\]. Scientists are now able to reprogram adult/somatic cells into a state similar to embryonic stem cells, resulting in induced pluripotent stem cells \[[@CR20]\]. These cells have the potential to help repair damaged organs, improve and revolutionize organ transplant, and to test drugs in development \[[@CR19]\]. This overview of the stem cell/progenitor origin of cancer will mainly discuss properties of somatic stem cells, because the majority of cancers arise from somatic tissue.

The two basic properties of stem cells are self-renewal and differentiation into multiple lineages. Some stem cells may also exhibit high proliferative potential \[[@CR21]\]. The capability to self-renew gives these cells the ability to maintain themselves and the capacity for tissue regeneration. The ability to differentiate gives them the capacity to produce cells with specialized properties that are necessary for organ function. As stem cells differentiate, they begin to lose their "stemness," i.e. their ability to act as a stem cell as described above. These changes establish a hierarchy of cell populations that underlie organogenesis. Tumors, similar to normal organs, despite very often aberrant and limited terminal differentiation, are possibly composed of a relatively flattened hierarchical collection of cancer cells and stromal cells interacting with structures (e.g. extra-cellular matrix). However, tumors are structurally and functionally abnormal compared with normal organs \[[@CR22]\].

Within this hierarchical cellular organization of tissues, the stem cells usually reside in specialized microenvironments or niches \[[@CR13], [@CR21], [@CR23]\]. In any given tissue, homeostasis is maintained through a balance between stem cell self-renewal and differentiation that maintains a constant number of cells in the tissue \[[@CR21]\]. This balance requires the ability of normal stem cell populations to precisely maintain their numbers through regulation of symmetric and asymmetric stem cell division \[[@CR21]\]. Stem cell populations can be quite heterogeneous. In some tissues, stem cells have also been found to be relatively quiescent, i.e. they have tremendous proliferative capacity, but are often not actively cycling. They have longer cell-cycle times than proliferating non-stem cells, presumably due to their arrest in the G~0~-phase of the cell cycle \[[@CR21]\]. This property of quiescence may be a mechanism that protects the stem cell from acquiring mutations that could occur in DNA replication during cell division \[[@CR24]\]. In other tissues, particularly skin and gut, stem cell populations are highly proliferative. Organs with high turnover would be expected to have a high proliferative capacity in the stem-cell compartment \[[@CR24]\].

The term "stem cell" defines a specific cell type that possesses the main properties of self-renewal, multilineage differentiation potential, and, in some cases, proliferation. The term "stemness" refers to the degree to which a cell possesses these functional properties. Thus, stemness is a more elusive term, and this raises the question as to whether it is specific enough to help distinguish between a stem cell and a non-stem cell \[[@CR25]\]. Because of the elusiveness of the term stemness, there have been efforts to provide a mathematical expression for stemness \[[@CR26]\] and to identify a gene expression profile for stemness \[[@CR27]\].

How Do Cancer Stem Cells Differ from Normal Stem Cells? {#Sec3}
=======================================================

Although CSCs in malignancies have the capacity for self-renewal, the processes involved in self-renewal are dysregulated, which leads to CSC overpopulation, driving tumor growth. This dysregulation is thought to be due to an increase in symmetric cell division (producing two stem cell daughters) compared with asymmetric division (producing one stem cell daughter and one non-stem cell daughter) \[[@CR16], [@CR28]\]. Most CSCs, but not normal stem cells, carry genetic mutations and epigenetic changes. Such changes can lead to dysregulation of signaling pathways, particularly those pathways that are known to be involved in embryonic development (e.g. NANOG, WNT family member \[WNT\]/β-CATENIN, HEDGEHOG, NOTCH). Further details on the importance of these pathways are discussed below. CSCs also have the ability for multilineage differentiation, but this ability is impaired \[[@CR10], [@CR16], [@CR29]\]. Indeed in the clinic, pathologists have recognized that cancers are composed of a heterogeneous population of partially differentiated cell types that resemble the cell types found in the tissue of the tumor's origin. This pathologic evidence points to a stem cell or progenitor origin for cancers, because only multipotent CSC[s]{.smallcaps} could produce so many different cell types \[[@CR2], [@CR10], [@CR29]\]. Moreover, many malignant tumors have been pathologically classified as poorly differentiated, and these tumors often contain many malignant cells that phenotypically resemble normal stem cells or progenitors \[[@CR6]\].

Tumor biologists investigating CSCs have found that CSCs usually comprise a subpopulation of cells within a tumor. This is often based on research showing that a small proportion of cells in a cancer possess the ability to form tumors (i.e. xenografts) when transplanted into animals \[[@CR14]\]. In this way, CSCs functionally differ from normal stem cells, i.e. normal stem cells do not have tumor-initiating ability. The degree to which tumor cells can initiate xenograft tumors in mice (based on cell number, latency time, and serial passaging) is also a measure of a cancer cell's stemness.

CSCs and normal stem cells may share stem cell markers, particularly cell surface markers, and use common stemness-related signaling pathways \[[@CR29]\]. However, in normal stem cells, signaling pathways that maintain stemness are tightly regulated and not mutated. In contrast, in CSCs, stemness signaling pathways are often dysregulated due to acquired genetic mutations and epigenetic changes, giving these cells uncontrolled self-renewal and impaired differentiation to develop into cancer cells. Moreover, CSCs may 1) possess innate resistance to multiple chemotherapeutic agents, 2) be responsible for tumor recurrence, and 3) be the origin of distant metastases \[[@CR2], [@CR10], [@CR29], [@CR30]\]. Resistance to chemotherapeutic agents and radiation occurs because CSCs, like normal stem cells, are relatively quiescent and only slowly proliferating. They may also possess mechanisms of multidrug resistance (e.g. ATP-binding cassette \[ABC\] transporters), antiapoptotic proteins (e.g. B-cell lymphoma 2 \[BCL2\]), and enhanced DNA repair mechanisms \[[@CR31], [@CR32]\].

How CSCs Are Identified and Isolated {#Sec4}
====================================

The identification and isolation of CSCs from the large bulk of cells in a cancer or from cancer cell lines has been essential to the ongoing research into the role of CSCs in tumor initiation, development, diagnostics, and therapeutics \[[@CR10], [@CR33]\]. Initially CSCs could only be identified functionally using their ability to undergo self-renewal and multilineage differentiation. However, it has now become possible to identify normal stem cells and CSCs through the use of specific surface markers and other modalities (Table [1](#Tab1){ref-type="table"}) \[[@CR10], [@CR34], [@CR35]\]. Few of these markers for stem cells and CSCs are shared across all tissue/tumor types \[[@CR10]\]. The markers for cell surface proteins (like CD44 and CD133) and enzymatic activity (e.g. aldehyde dehydrogenases \[ALDH\]) can be used to sort and isolate stem cells and CSCs \[[@CR36], [@CR37]\].Table 1Markers used to identify normal stem cells and CSCs \[[@CR10], [@CR34], [@CR35]\]ALDH^+^, ALDH1^high^, α2β1 ^high^, A2B5 ^+^, ABCG2^high^BCRP1^+^, BMI1^+^CD15, CD20^+^, CD24^+^, CD24^−/low^, CD29, CD34, CD38^−^, CD44^+^, CD49f^+^, CD71^−^, CD90^−^, CD117^−^, CD123^+^, CD133^+^, CD138^−^, CD166^+^, CEA^+^, CK20^+^, CXCR4^+^ESA^+^, EpCAM^+^HLA-DR^−^Lineage^−^, LGR5^+^NANOGOCT4SOX2, SSEA^+^YAP1^+^*−* negative; *+* positive; *ALDH* aldehyde dehydrogenases; *BCRP1* breakpoint cluster region pseudogene 1; *BMI1* B-cell-specific Moloney murine leukemia virus integration site 1; *CEA* carcinoembryonic antigen; *CK20* cytokeratin 20; *CXCR4* C-X-C chemokine receptor type 4; *ESA* epithelial-specific antigen; *EpCAM* epithelial cell adhesion molecule; *HLA-DR* human leukocyte antigen--antigen D related; *LGR5* leucine-rich repeat-containing G-protein coupled receptor 5; *OCT4* organic cation/carnitine transporter 4; *SOX2* sex determining region Y-box 2; *SSEA* stage-specific embryonic antigen; *YAP1;* yes-associated protein 1

Once identified, CSCs can then be isolated with fluorescence activated cell sorting (FACS). The cell surface markers CD133, CD24, and CD44 are often employed to isolate CSCs from several different tumor types \[[@CR10], [@CR14], [@CR33], [@CR38]\]. For example, Al-Hajj et al. \[[@CR14]\] demonstrated that CSCs from breast cancers display the ESA^+^CD44^+^CD24^−/(low)^ surface marker phenotype. Leukemic stem cells display the CD34^+^CD38^−^ surface marker phenotype that permits isolation of them from normal hematopoietic stem cells \[[@CR15]\]. Further investigation into leukemic stem cells has identified other markers including CD123, TIM3, CD47, and CD96 \[[@CR39]\]. Another common method to isolate CSCs is based on the enzymatic activity of ALDH, which is a marker for CSCs from many cancers. This method, called the ALDEFLUOR assay, has been used to purify CSCs from primary surgical tissues including breast cancers \[[@CR36]\] and colon cancers \[[@CR37]\]. However, ALDH as a CSC marker may be limited to certain subtypes of cancers, such as luminal subtype of breast cancer \[[@CR40]\].

In addition to cell surface markers (like CD133) and enzymatic markers (like ALDH), CSCs can be purified (usually by FACS) via their ability to pump out substances (like DNA dyes), which results in a dye-low or dye-negative "side population" (SP) that is distinct from most of the sorted cells \[[@CR41]\]. Analysis of multiple ovarian cancer cell lines and tumors identified ovarian CSCs in the SP. These SP cells exhibited multiple stemness properties including resistance to drugs \[[@CR41]\].

After they are isolated, candidate CSCs are typically analyzed to see if they display functional properties of CSCs. This step can involve sphere-forming assays (ability to form spheres or colonies in a serum-free or soft agar medium) or xenograft assays in immunocompromised mice. Tumor-initiating ability and serial transplantation in vivo are regarded as gold standard assays, which are complemented by the in vitro clonogenic assays \[[@CR36]\]. Clonogenic assay are adaptable for performing high throughput screens that identify drugs that target CSCs \[[@CR42]\]. Afterwards, in vitro findings can be validated utilizing the more labor-intensive xenograft models \[[@CR43]\]. Experimental results from studies on CSCs may be translated into clinically useful approaches, particularly in development of agents that eliminate or control CSC populations, which may lead to more effective cancer therapies. For example, a gene-silencing method was used to identify STAT3 as critical for maintaining cancer stemness, while remaining expendable in hematopoietic stem cells \[[@CR43]\]. In silico screening and computational modeling were used to identify a drug capable of targeting CSCs by inhibiting the STAT3 pathway. This drug is now in clinical development \[[@CR43]\].

The Use of Reporter Systems Based on Stem Cell Transcription Factor Activity {#Sec5}
============================================================================

Although cell surface markers are typically used to enrich for CSCs, this approach has limitations owing to the plasticity of CSCs, which can interconvert between non-CSCs and CSC-like states. Moreover, the ability of surface markers to track CSCs in real time is limited. These drawbacks, and others, have led to the development of reporter systems that have several unique advantages over cell surface markers for enrichment and analysis of CSCs \[[@CR33]\].

The design of reporter systems is typically based on the fact that transcription factors, such as NANOG, sex-determining region Y-box (SOX)2, organic cation/carnitine transporter (OCT) 4, and self-renewal pathways, such as NOTCH and WNT, are upregulated in CSCs \[[@CR44]\]. Reporter systems can mark stem cells based on this upregulated transcription factor expression using a model system that contains a genetic construct that leads to expression of a tagged (typically fluorescent) transcription factor protein when the gene of interest is transcriptionally activated in cells.

Several transcription factor-type reporter systems, such as NOTCH, SOX2, enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH2), STAT3, and NANOG, have been developed for enrichment and analysis of CSCs \[[@CR33], [@CR45]--[@CR49]\]. The development of these reporters has enabled investigators to rapidly enrich for stem cells, monitor their functionality, track them in vivo, and lineage trace their progeny.

STAT Reporter Systems {#Sec6}
---------------------

The STAT3 protein is a member of the family of transcriptional factors that plays a role in embryogenesis and has been identified as an oncogene. For example, Nanog was found to maintain the pluripotency of mouse ESC by interacting with Stat3 \[[@CR50]\]. Additionally, STAT3 has been found to be constitutively activated in many human malignancies and to play a pivotal role in tumor growth and metastasis \[[@CR50], [@CR51]\]. For example, in the normal human mammary glands, STAT3 is typically not expressed, but tumor samples from breast cancer patients often show STAT3 expression. Recent evidence has also identified a role for STAT3 signaling in breast tumor-initiating cells (TICs), an alternative name of CSCs. To study whether STAT3 is preferentially activated in TICs, Wei et al. \[[@CR52]\] constructed a series of lentiviral fluorescent reporters, which enable FACS, in vivo/in situ localization, and molecular characterization of STAT3 responsive cells. Using an in vivo xenograft model of human breast cancer, the study showed that STAT3 signaling reporter activity is associated with a subpopulation of cancer cells enriched for mammosphere-forming efficiency, as well as TIC function in limiting dilution transplantation assays. These findings indicate that STAT3 is a functional marker for human breast CSCs and a potential target for CSC-directed therapy.

NANOG Reporter Systems {#Sec7}
----------------------

NANOG is a homeodomain-containing transcription factor involved in the self-renewal of embryonic stem cells and in maintenance of pluripotency \[[@CR53], [@CR54]\]. Increased NANOG expression is found in several cancer types, such as breast, kidney, lung, gastric, brain, ovarian, pancreatic, and head and neck cancers, and its elevated expression can have prognostic significance for patients with these cancers \[[@CR55]--[@CR63]\]. NANOG levels have been found to be increased in CSCs, which contributes to their self-renewal capacity and ability to initiate and promote tumor development and growth.

Based on the importance of NANOG in CSCs, several CSC reporter systems have been created using a NANOG promoter-fluorescent reporter gene strategy. Such a NANOG promoter-driven green fluorescent protein (GFP) reporter was used to study CSC populations in different tumor types. For example, using this reporter system in studies of prostate cancer, NANOG--GFP-positive cells exhibited CSC characteristics, such as enhanced clonal growth \[[@CR64]\]. NANOG overexpressing cancer cells, including both prostate and breast, also displayed drug-resistance and capacity for tumor regeneration as well as hormone-resistant tumor growth. Another recent reporter-based study by Wiechert et al. \[[@CR65]\] allows for determination of the CSC state in real time and showed that cisplatin induces a CSC state in treatment of ovarian cancer. Another study \[[@CR66]\] on triple-negative breast cancer (TNBC) that employed a GFP NANOG reporter system to monitor differences between CSCs and non-CSCs in TNBC was used to identify new CSC surface markers that are elevated in TNBC. Taken together, these reporter studies reveal that NANOG serves as a reliable marker for CSCs in a variety of cancers and represents a strong potential CSC-specific target for the development of future treatment approaches.

Stochastic Model versus Cancer Stem Cell Model of Tumor Growth {#Sec8}
--------------------------------------------------------------

Two different, but not necessarily mutually exclusive, models have been established to explain the development of cancers (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR67]\]. One is the stochastic, also called the clonal evolution, model that postulates that every cell in a cancer has the same potential to produce a new tumor. In this model, the acquisition of mutations and epigenetic changes over time results in an increasing ability of clones of cells to become malignant. There can also be some clones that develop to drive the cellular heterogeneity of tumors. Moreover, through this mechanism, cancer cells within a tumor can become invasive, develop metastases at distant sites, overcome immune surveillance, and gain resistance to treatment leading to tumor recurrence \[[@CR68]\].Fig. 1Theories of tumor development: clonal versus cancer stem cell model. \[[@CR67]\]. This figure has been reproduced unchanged under a Creative Commons License

The other model is the cancer stem cell model (Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}) that postulates that only a subpopulation of CSCs in a cancer are responsible for tumor development and for a tumor cell's malignant behavior, including invasion and metastasis. That CSCs carry properties for self-renewal and multilineage differentiation gives them the unique ability to generate the bulk of other cells in a cancer \[[@CR16], [@CR67]\]. Based on this model, a cancer's resistance to chemotherapy is ultimately due to the subset of CSCs that survive treatment and lead to recurrent disease even after apparent complete remission \[[@CR67]\].Fig. 2Using cancer stem cell model to explain treatment resistance \[[@CR67]\] *CSCs* cancer stem cells. This figure has been reproduced unchanged under a Creative Commons License

These two models have different implications for therapeutic response. In the clonal evolution model, to achieve a durable response, it is necessary to therapeutically eliminate all clones of tumor cells that have the ability to invade and metastasize. Based on the CSC model, a durable therapeutic response requires killing all the CSCs, because they have the ability to propagate the tumor by producing non-CSCs that make up the tumor bulk (Fig. [2](#Fig2){ref-type="fig"}) \[[@CR67]\].

Investigation into both these models has provided important information on processes that contribute to tumorigenesis. Tumor cells within a cancer are heterogeneous. It has been shown that cells in the same tumor can differ in their morphology, genetics, cell surface markers, proliferation kinetics, tumorigenicity, and response to therapy. On the one hand, this observation supports the clonal evolution model. On the other hand, it can be reasoned that it is CSC properties of self-renewal and multilineage differentiation that contribute to this heterogeneity \[[@CR69], [@CR70]\]. This reasoning supports the CSC model of tumor growth. The other evidence in support of the CSC model comes from tumor-initiation assays that show that only a small subset of cells in a cancer have tumorigenic ability in animal models. Studies that provided early evidence for this result involved transplantation of leukemic cells and breast cancer cells into immune-deficient mice \[[@CR7], [@CR14], [@CR15], [@CR71]\].

How "Stemness" Conveys High Tumorigenicity {#Sec9}
==========================================

The dysregulation of specific cellular signaling pathways can result in the formation of CSCs, lead to dysregulation of stem cell self-renewal, and result in increased stemness of tumor cells during neoplastic transformation \[[@CR16], [@CR34]\]. Most of these pathways are known to be essential for stemness properties of normal adult stem cells, including self-renewal, differentiation, and proliferation, as well as for development of various organs during embryogenesis. The most studied and characterized stemness pathways are NANOG, WNT/β-CATENIN, NOTCH, Janus kinase (JAK)/STAT, and phosphatidylinositol 3-kinase (PI3K)/serine/threonine kinase (AKT), all of which have been shown to contribute to the formation of CSCs, when dysregulated \[[@CR33]\]. However, the role of any given pathway can differ among cancers. Moreover, the influence of the tumor microenvironment in the setting of dysregulation of these pathways may drive tumor growth in complex, poorly understood ways. Furthermore, stemness pathways, when overactivated, can confer innate resistance to chemo- and radiotherapies. Therefore, targeting these aberrant signaling pathways, which are important for the formation of CSCs, offers a new strategy for cancer therapy.

For example, the HEDGEHOG pathway is reported to contribute to chronic myeloid leukemia (CML) pathogenesis, and treatment of CML-bearing mice with the smoothened antagonist cyclopamine, which inhibits this pathway, leads to depletion of leukemic stem cells and to increased survival \[[@CR72]\]. Other key pathways, including the NOTCH and NANOG signaling pathways, are activated in several human cancer types, including breast cancer and malignant gliomas \[[@CR45], [@CR62]\]. Treatment with antibodies directed against delta-like ligand (DLL) 4 or NOTCH1 has been reported to decrease breast CSC numbers and to improve response of patient-derived xenografts to taxanes \[[@CR68], [@CR73], [@CR74]\]. Similar responses have been shown for gamma-secretase inhibitors that block the NOTCH signaling pathway \[[@CR75]\]. Agents are also being developed to target the WNT signaling pathway, which, when dysregulated, drives the growth of a number of malignancies, including CML and colon cancer \[[@CR76]\]. In mouse models of CML, therapy designed to target WNT signaling results in depletion of residual CSCs in bone marrow following imatinib therapy and, when combined with indomethacin, in prolonged overall survival \[[@CR77], [@CR78]\].

EMT, Stemness, and Metastasis {#Sec10}
=============================

Epithelial-mesenchymal transition (EMT) is one mechanism that can lead to increased stemness during tumor development \[[@CR79], [@CR80]\]. This mechanism is important because the majority of human cancers arise from epithelial tissues. Epithelial cells possess apical-basolateral polarity \[[@CR69], [@CR81]\], are attached to a basement membrane, and are connected together via specialized junctions that allow them to organize into regular layers. In contrast, mesenchymal cells lack apical-basolateral polarity and do not form regular layers because their adhesions with adjacent cells are only formed focally \[[@CR81]\]. EMT involves a series of steps occurring in epithelial cells that lead to their transformation into fibroblast-like, mesenchymal, motile cells \[[@CR82]\]. This transformation causes reduced cell--cell adhesion, increased stemness, and generation of CSCs with the ability to migrate and disseminate \[[@CR69], [@CR81], [@CR82]\]. The acquisition of EMT by cancer cells leads to local tumor invasion and the migration into vasculature eventually resulting in metastases \[[@CR81], [@CR82]\]. The activation or repression of various stemness pathways can modulate the EMT during the various stages of metastasis \[[@CR82]\]. For example, stemness pathways such as WNT/B-CATENIN and HEDGEHOG are associated with an increased EMT phenotype including motility and invasiveness, resistance to apoptosis, and increased ability to self-renew and differentiate \[[@CR81]\]. On the other hand, mesenchymal epithelial transition (MET) and increased cell--cell adhesion can enable colonization at distant organ sites and increase tumor-initiating ability \[[@CR79]\]. Thus, both EMT and MET are related to stemness and CSC capacity for metastasis, and it will be challenging to finely tune EMT and MET for optimal outcomes. Agents designed to target stemness signaling pathways that affect EMT have been candidates for development of novel cancer therapies. Such agents include drugs that target cytokine signaling via C-X-C chemokine receptor 1 (CXCR1) and CXCR2 \[[@CR83]\]. Interleukin 8, which targets CXCR1/2 signaling, has been reported to induce a state of stemness by affecting EMT \[[@CR84]\]. Moreover, reparixin, an inhibitor of CXCR1/2 signaling, reduced the proportion and activity of CSCs in vitro and increased efficacy of docetaxel in vivo by decreasing mouse xenograft tumor growth \[[@CR85]\].

CSCs May Differ As Well {#Sec11}
=======================

As previously discussed, stemness is an elusive term. Stem cells are defined by the degree to which they possess stemness characteristics (especially self-renewal and multilineage differentiation). From this definition, one could argue that stem cells may possess varying levels of stemness and may also exhibit different properties. Multiple studies have shown heterogeneity in the CSC population. Similar to normal counterparts, CSCs display cellular plasticity, meaning they can alternate between epithelial and mesenchymal-like stem-cell states \[[@CR86]\]. Mesenchymal-like CSCs are associated with metastasis, may bear a CD24^−^/CD44^+^ phenotype, are quiescent, and more present at the invasive tumor front \[[@CR86]\]. Epithelial-like CSCs express ALDH, are more proliferative, and are located in the inner part of the tumor \[[@CR86]\]. Alternation between these states has been postulated to be involved in the ability to invade into tissue stroma, disseminate throughout the patient, and grow at metastatic sites \[[@CR86]\]. Other groups have shown differences in CSC makers depending on area investigated (within the tumor bulk or at the invading front) \[[@CR87]\]. In breast cancer, a subset of CSCs expressing a certain variant of the CSC marker CD44 called CD44v, exhibited significantly higher metastatic potential to the lungs. In patient samples from the same study, expression of CD44v, but not the standard isoform of CD44, correlated with poor prognosis \[[@CR88]\]. As in ovarian cancer, CSCs expressing both CXCR4 and CD133 exhibited the greatest tumor-initiating potential, resistance to cisplatin, and overexpression of the ABCG2 drug efflux pump compared with CD133^−^/CXCR4^+^ and CD133^+^/CXCR4^−^ CSCs, as well as CD133^−/^CXCR4^−^ cells \[[@CR89]\]. Similar phenomenon was reported in other cancers as well \[[@CR90]\]. The transformation of CSCs into mesenchymal invasive phenotypes has been shown to be mediated by stemness pathways. In renal cells cancer, overexpression of the Notch signaling pathway upregulates the expression of CXCR4 in CSCs \[[@CR91]\]. Stemness is maintained in drug-resistant lung cancer cells through CXCR4-mediated STAT3 signaling pathway \[[@CR92]\]. This suggests that multiple CSCs may exist in the same tumor.

Implications of Stemness for Cancer Therapy {#Sec12}
===========================================

Conventional Therapies Are Effective in Removing the Bulk of the Tumor, but May Increase the Proportion of CSCs {#Sec13}
---------------------------------------------------------------------------------------------------------------

CSCs have been reported to be innately resistant to conventional therapies (i.e. chemotherapy, surgery, and radiation) in the treatment of many different tumor types, including brain \[[@CR34], [@CR93]\], head and neck \[[@CR94]\], lung \[[@CR95]\], breast \[[@CR96], [@CR97]\], liver \[[@CR98]\], gastric \[[@CR99], [@CR100]\], pancreatic \[[@CR101]\], ovarian \[[@CR32]\], lymphoma \[[@CR102]\], colorectal \[[@CR103]\], prostate \[[@CR104]\], and cervical \[[@CR105]\].

These studies show that stemness can contribute to the innate resistance to conventional therapies by targeting the tumor bulk. Chemotherapy is designed to kill rapidly proliferating cells, which, in many but not all cancers, are typically non-CSCs. As some CSCs are relatively slowly cycling quiescent cells \[[@CR31], [@CR38]\], they are innately resistant to chemotherapy (which usually targets proliferating cells) \[[@CR38]\]. Moreover, like normal stem cells, CSCs have a higher repair mechanism \[[@CR38]\]. Thus, conventional chemotherapy can increase the fraction of CSCs within a cancer. Once the cancer develops resistance to treatment, the CSCs will often re-establish tumor growth, leading to an increased fraction of non-CSCs within the malignancy \[[@CR38]\].

Conventional Therapies Can Increase the Subpopulation of CSCs by Inducing the Expression of Stemness Pathways {#Sec14}
-------------------------------------------------------------------------------------------------------------

Multiple mechanisms have been identified that mediate this innate resistance in CSCs. It has also been shown that, within any given tumor, different mechanisms of resistance may be activated in different CSC populations. Therapeutic strategies designed to overcome CSC resistance to chemotherapy are discussed below. Radiation and chemotherapy can induce expression of stemness pathways in non-CSCs. Consequently, these therapies may activate cellular stress response programs and can enhance stemness characteristics in non-CSCs and therefore increase their ability to selectively survive. Thus, radiation and chemotherapy can lead to enrichment of a CSC subpopulation with higher innate resistance to these therapies \[[@CR106]--[@CR108]\].

Several stemness pathways are known to be dysregulated in cancers, and when they are activated in CSCs, they can contribute to their innate resistance. For example, STAT3 is a transcription factor that is constitutively activated in many malignancies, and it plays a pivotal role in tumor growth and metastasis \[[@CR51], [@CR52]\]. When constitutively activated in CSCs, STAT3 contributes to the innate resistance of CSCs to conventional cancer therapies. Gastric CSCs that have overactivation of STAT3 cells exhibit increased resistance to docetaxel \[[@CR109]\]. Moreover, small molecule inhibitors that decrease STAT3 signaling tend to prevent cancer relapse and block metastasis \[[@CR51], [@CR110]\].

Conventional Therapies May Lead to Treatment Resistance by Temporarily Halting CSC Division, Rendering Drugs Designed to Target Proliferating Cells Ineffective {#Sec15}
---------------------------------------------------------------------------------------------------------------------------------------------------------------

CSC quiescence is another mechanism for resistance. CSCs can be relatively quiescent and typically in a nondividing state, which contributes to innate resistance to chemotherapeutic agents, which are designed to kill proliferating cells. To overcome this resistance, some therapeutic approaches have been designed to induce CSCs to become actively cycling cells. For example, it has been shown that induction of CML and acute myeloid leukemia (AML) cells with granulocyte colony-stimulating factor enhances the efficacy of chemotherapy \[[@CR111]--[@CR113]\].

Conventional Therapies May Create a Tumor Microenvironment that Supports CSCs {#Sec16}
-----------------------------------------------------------------------------

Stimuli from the CSC microenvironment is still another mechanism for resistance. Because CSCs reside in a stem cell niche that contains other supportive cells, such as vascular, mesenchymal, and inflammatory cells, the microenvironment provides factors that sustain CSCs. This microenvironmental influence on CSCs includes signaling that contributes to innate or adaptive resistance to chemotherapy \[[@CR107], [@CR108]\]. For example, pharmacologically targeting the microenvironment of CML cells that secrete factors required for tumorigenesis sensitize tumors to systemic agents \[[@CR114], [@CR115]\]. With growing evidence supporting the role of the tumor microenvironment in supporting CSC-mediated tumor propagation, investigators have postulated that indirect targeting of CSCs by targeting stromal cells in the tumor microenvironment. One prominent target is carcinoma-associated fibroblasts \[[@CR41]\].

CSCs Overexpress Prosurvival Proteins that May Prevent Therapy-Mediated Cell Death {#Sec17}
----------------------------------------------------------------------------------

Overexpression of antiapoptotic proteins has also been shown to be an important factor in promoting innate resistance in CSCs and in reducing the efficacy of chemotherapeutic agents \[[@CR116]\]. It is well known that the BCL2 antiapoptotic family of proteins protects CSCs from apoptosis and enhances their ability to repopulate \[[@CR117]\]. BCL2 overexpression in CSCs from several cancers, including prostate and breast cancers, has been found to play a role in chemotherapy resistance \[[@CR118], [@CR119]\]. For example, treating the blast crisis of CML with a pan-BCL2 inhibitor sensitized leukemic stem cells to tyrosine kinase inhibition \[[@CR120]\].

CSCs Express High Levels of Transporters that Can Pump Drugs out of Cells {#Sec18}
-------------------------------------------------------------------------

ABC transporters are proteins expressed in membranes cells that can pump substances out of cells (including drugs, lipids, and other substances) \[[@CR121]\]. CSCs overexpress ABC drug transporters including ABCB1 and ABCG2 \[[@CR41]\]. In ovarian cancer, CSCs overexpressing high levels of these drug transporters are more resistant to paclitaxel and ionophore antibiotics \[[@CR41]\]. These CSCs were sensitive to drugs that blocked ABC transporters (including fumitremorgin C and verapamil) \[[@CR41]\] Combination of ABC transporter inhibitors with chemotherapy is currently under preclinical investigation in other cancers including pancreatic cancer \[[@CR122]\].

Other factors that can contribute to CSC resistance to therapeutic agents include microRNAs, activation of DNA damage repair systems, epigenetic mechanisms (e.g. DNA methylation and histone alterations), and maintenance of low levels of reactive oxygen species (ROS). All these factors represent potential targets to overcome the innate resistance of CSCs \[[@CR31], [@CR38], [@CR121], [@CR123]\].

New Approaches and Challenges to Target CSCs {#Sec19}
============================================

Because the role of CSCs in driving cancer development and growth involves a complex multifactorial process involving intrinsic factors, such as the genetic and epigenetic makeup of tumors, and extrinsic factors, such as the tumor microenvironment and immune response, many different approaches developed to target CSC pathways (e.g. STAT3, NOTCH, WNT, and HEDGEHOG) are currently under clinical evaluation \[[@CR31], [@CR34], [@CR38], [@CR121], [@CR124], [@CR125]\].

The ultimate goal is to develop drugs that target CSCs effectively without affecting normal stem cells or non-stem cells. The FDA has already approved treatment of basal cell squamous carcinoma with two drugs designed to inhibit HEDGEHOG pathways by targeting SMO (LDE225/Sonidegib and GDC-0449/Vismodegib) \[[@CR126]\]. Early phase 2 clinical data suggested that there is no clinical benefit in combining vismodegib with first-line standard of care for mCRC \[[@CR127]\]. A simple explanation for this observation may be that the HEDGEHOG pathway is not the primary driver of CRC pathogenies \[[@CR127]\]. A more complex explanation is the phenomenon of crosstalk between CSC pathways like HEDGEHOG, NOTCH, and WNT \[[@CR128]\]. WNT pathway hyperactivation has been shown to be more prominent in CRC \[[@CR76]\]. Recent preclinical data on approaches developed to target cancer-specific fusion receptors in the WNT pathway have shown promising results in CRC \[[@CR129]\]. CD47 is overexpressed in AML CSCs compared to their normal counterparts \[[@CR130]\]. CD47 also serves as a prognostic marker in AML and other cancers. Blocking CD47 in AML CSCs has resulted in outcome benefit in experimental models \[[@CR130]\] and is being tested in clinical trials. Together this suggests a need for targeting identifying the specific prominent stemness pathways in difference cancers. Multiple trials targeting CSCs are under clinical investigation.

Targeting Epigenetic Mechanisms: The Next Step in Eradicating CSCs {#Sec20}
------------------------------------------------------------------

Epigenetic programming, involving DNA methylation, chromatin remodeling, and microRNA expression, is known to be key to normal stem cell differentiation. A similar process is thought to cause tumor cells to regain stem cell-specific features \[[@CR131]\]. Dysregulation of epigenetic mechanisms, such as DNA methylation, leads to abnormal epigenetic memory that can contribute to progression of CSCs. Consequently, agents that target epigenetic programming are being investigated as anti-CSC therapies \[[@CR124], [@CR125]\]. One class of agents, DNA methyltransferases (DNMTs) inhibitors, has already been integrated into therapy for hematologic malignancies \[[@CR132], [@CR133]\]. The DNMT inhibitors azacitidine and aza-deoxycytidine (aza-dC) have been integrated in treatment for myelodysplastic syndromes and AML. Although these epigenetic-type treatment approaches are proving successful in therapy for hematologic malignancies, the recent demonstration of resistance of leukemic stem cells to azacitidine, has prompted rethinking of how to develop new drugs and drug combinations that have increased effectiveness against CSCs \[[@CR133]\]. One such new approach for AML involves a combination of the differentiation-inducing agent retinoic acid with an epigenetic-type agent (tranylcypromine) that inhibits histone H3 lysine 4 demethylase 1. Aza-dC--based treatment is also being explored in other ways, including low-dose regimens for myelodysplastic syndromes and examining activity in treatment of other tumor types (e.g. medulloblastoma) \[[@CR133]\].

Another epigenetic mechanism that is being targeted because it is known to be important in the regulation of CSCs is histone acetylation. Histone deacetylases (HDACs) are chromatin-remodeling enzymes, and it has been shown that HDACs can modulate chemotherapeutic resistance in hematologic neoplasms. For example, treatment with a HDAC inhibitor suppressed CML stem cells following imatinib therapy \[[@CR134]\]. In a subsequent study, it was demonstrated that the selective HDAC inhibitor sirtuin suppressed CML stem cell growth and engraftment in vivo \[[@CR135]\]. MicroRNAs are also thought to be another epigenetic mechanism that regulates CSCs. For example, in prostate cancer, microRNA-34a has been shown to repress the stem cell protein CD44 and to inhibit CSCs and tumor metastasis \[[@CR83]\]. Other microRNAs, Let-7 and miR200, have been shown to inhibit breast CSC self-renewal and differentiation \[[@CR136]--[@CR138]\]. Several other epigenetic mechanisms that are known to regulate CSCs, including inhibition of DNA methylation and chromatin remodeling, are also being investigated as potential therapeutic targets \[[@CR31], [@CR38]\]. Because epigenetic mechanisms are key regulators of CSCs, new epigenetic-type agents and drug combinations that target and kill CSCs without adversely affecting normal stem cells to avoid adverse toxicity in cancer patients hold great promise to advance the effectiveness of therapy in oncology.

Managing Adverse Events Associated with Targeted Agents {#Sec21}
-------------------------------------------------------

Boussios et al. \[[@CR139]\] discussed the incidence, presentation, and management of cancer treatment-related toxicity after reviewing more than 350,000 publications related to cancer treatment. Drugs that block specific molecular pathways have been shown to highly effective in many types of cancer. These drugs target molecular pathways that are also present in normal cells, resulting in adverse events. GI-related toxicities, especially diarrhea, nausea, and vomiting are common when treating with targeted agents. Although the specific mechanisms of induction are still not well understood, the onset of these adverse events are well documented and can be controlled. For example, diarrhea is commonly treated with loperamide \[[@CR139]\], which is recommended as first-line treatment of cancer treatment--induced diarrhea by the American Society of Clinical Oncology (ASCO) \[[@CR140]\]. Nausea and vomiting is managed with antiemetics including serotonin (5-HT3) receptor agonists and dexamethasone. ASCO recommends a combination of a neurokinin 1 \[NK1\] receptor antagonist, a 5-hydroxytryptamine-3 \[5-HT~3~\] receptor antagonist and dexamethasone for cancer treatment-induced diarrhea \[[@CR141]\]. Managing adverse events associated with targeted agents including anti-CSC pathway drugs will be integral in optimal disease management.

Concluding Remarks {#Sec22}
==================

Despite advances in cancer research, systemic chemotherapy is unable to cure many patients who have advanced cancers. In this overview, evidence is presented indicating that CSCs drive tumor development and growth. Unfortunately, most current cytotoxic or cytostatic therapies have limited ability to eliminate CSCs, and thus cancers still acquire resistance to treatment, recur, and metastasize. Theoretically, if the subpopulation of CSCs can be eliminated or stemness can be reduced, it would be an avenue to tumor control or even cancer cure \[[@CR16]\].

Although much effort is being spent to decrease cancer stemness by targeting self-renewal signaling pathways, molecular CSC markers, and microenvironmental influences on stemness, there are many future challenges, because the biologic nature of CSCs is complex \[[@CR31]\]. For example, CSCs exhibit plasticity in their phenotype and functional properties---a mechanism that can contribute to development of systemic therapies \[[@CR124]\]. Moreover, CSCs and normal stem cells have many properties in common, and targeting CSCs may adversely affect normal stem cells leading to untoward toxicity \[[@CR124]\]. Perhaps the immediate focus needs to be on discovering ways to distinguish and inhibit residual CSCs that are phenotypically different from normal stem cells in advanced cancer patients who have experienced partial or complete remission from systemic treatment to prevent disease progression or relapse. If therapeutic approaches can be designed to control CSC overpopulation in patients, perhaps cancer can be clinically controlled as a chronic disease, much like diabetes or heart disease.
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